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Humpback Whale Song or Humpback Whale Sonar?
A Reply to Au et al.
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Abstract-Au and colleagues' arguments against the hypothesis that humpback whale songs function as long-range sonar are based on questionable assumptions rather than on empirical data. Like other echolocating mammals (e.g., bats), singing humpback whales: 1) localize targets in the absence of visual information; 2) possess a highly innervated peripheral auditory system; and 3) modulate the temporal and spectral features of their sounds based on environmental conditions. The sonar equation is inadequate for determining whether humpback whale songs generate detectable echoes from other whales because it does not account for temporal variables that can strongly affect the detectability of echoes. In particular, the sonar equation ignores the fact that much of the noise encountered by singing humpback whales is spectrally and temporally predictable, and that audition in mammals is a dynamic and plastic process. Experiments are needed to test the hypothesis that singing humpback whales listen for and respond to echoes generated by their songs.
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I. INTRODUCTION
W E welcome the comments of Au and colleagues [1] . They highlight several issues critical to assessing our proposal [2] that humpback whales can use their songs as long-range sonar to locate other whales, including: 1) plausibility of the sonar model based on current behavioral evidence and evolutionary theory; 2) feasibility of the model based on properties of humpback whale songs and the environment within which songs are produced; and 3) testability of the model. We address each of these issues in turn, focusing on recently reported data that are either consistent with, or were predicted by our model, but that are not accounted for by the proposal of Au et al. [1] , [3] - [5] and others [6] , [7] that humpback whales sing to attract mates and repel competitors.
II. ADAPTIVE BIOSONAR: EVOLUTIONARY AND BEHAVIORAL ISSUES
A question of great interest to scientists (especially biologists) is how humpback whales came to produce such captivating sound sequences [8] . Humpback whale songs are long, loud, structured sequences of frequency-modulated and constant-frequency broadband sounds with spectrotemporal features that vary over time. Au et al. [1] argue that the sonar model is implausible because evolutionary theory predicts that if humpback whales had evolved the ability to echolocate, then their vocal repertoire would be much more stereotyped (i.e., simple and repetitive, like the click trains used by dolphins). A major difference between humpback whale songs and the sounds of many other animals is that the acoustic and structural features of humpback whale songs are constantly changing. Both individual sounds and arrangements of those sounds change over time [9] - [13] . These features of song, Au et al. argue, preclude the possibility of a sonar function.
Two key facts to note are : 1) There is no sonar that is optimal for detecting targets at every range, in all the environments within which humpback whales are known to sing-a sonar with the ability to adapt to different situations will generally outperform a sonar that makes no use of information about the environment [14] - [18] ; and 2) Mammals that echolocate typically have more diverse vocal repertoires than mammals that do not [19] and often modulate their signals to account for potentially interfering sounds from conspecifics as well as other environmental features that affect the detectability of echoes [20] - [23] . These two facts suggest that animals that echolocate in highly-variable acoustic conditions should use sounds that can be flexibly modulated rather than simple, stereotyped sounds. This is not to say that the best sonar is an unstable sonar. Sound sequences that are structurally stable (particularly in the time domain) will provide processing advantages over random patterns of sound.
According to evolutionary theory [24] , the most stereotyped sound sequences should be produced by lekking males (i.e., males that aggregate, defend small territories, and display to attract mates). Lekking bats, for example, repetitively produce simple pulsed sounds, hundreds of times a minute, in 17 minute bouts separated by short intervals of silence [25] . These highly stable, stereotyped, acoustic displays stand in stark contrast to the structured, dynamic sound sequences produced by echolocating bats.
Au et al. further argue that even if humpback whales produced optimal signals for long-range sonar, they could not have evolved to be ideal receivers because environmental effects on long-range propagation are so variable. We agree that there is no way an animal with a static receiver could optimally detect echoes in all possible environments. Comparative neurophysiological 0364-9059/01$10.00 ©2001 IEEE evidence indicates, however, that audition in adult mammals is an adaptive process [26] - [29] . Auditory sensitivities to spectral features can be rapidly adjusted to account for environmental conditions in both birds and mammals [30] - [33] , and sensitivities to spectrotemporal features can be radically changed in the brains of adult animals with no specialized auditory abilities (e.g., rats), in as little as two weeks [34] . It would thus be unparsimonious to assume that auditory processing in humpback whales does not dynamically adapt to account for environmental factors, regardless of whether they are able to echolocate. To detect echoes (as well as direct signals) well, humpback whales must be "continuously learning to echolocate."
Finally, Au et al. argue that humpback whale behavior is inconsistent with a sonar function, noting that: 1) Group structure in pods of whales is dynamic; 2) Pods may be composed of both males and females; 3) Nonsinging males sometimes approach and join with singing males; 4) Singers do not always approach nearby groups of whales; 5) Singers often produce songs for several hours; and 6) Whales sometimes sing in the presence of other whales. We are aware that humpback whales engage in complex social interactions (for recent reviews, see [6] , [35] ). Our model does not address these interactions in detail because most singing does not take place during social interactions, and because observations of social behavior can only provide weak evidence for or against the sonar model.
It is well known that singing humpback whales are usually alone. Of 268 observations of singers reported in past studies [36] - [38] , 258 (96%) singers were alone, 6 (2%) were with one other whale, three (1%) were part of a trio, and one was with three other whales. Tyack [37] notes that "No singer joined with another whale without ceasing to sing (p. 108)." Clearly, solo singing is the norm. That whales occasionally sing when not alone is in no way contradictory to our sonar model, nor are observations that males approach singers or that singers do not approach every pod within a 1-km range. Bats are known to approach other echolocating bats [39] - [41] , to echolocate while accompanying other bats [23] , to ignore (or fail to approach) targets within a detectable range, and to engage in a variety of social interactions while echolocating [42] , as are dolphins. Au et al.'s claim that observations of males singing in the presence of females "nullify" our sonar model is only compelling if one assumes that: 1) all females are equally attractive to males; 2) females are always receptive to the mating attempts of any male; and 3) information about the presence or absence of males and females within surrounding areas is not useful to a male that is with a female. These assumptions are not consistent with the known behavior of humpback whales [6] .
The hypothesis preferred by Au and colleagues, generally referred to as the sexual-advertisement hypothesis, is that humpback whale songs serve to repel males and to attract females. This hypothesis fails to account for why whale pods are dynamic, why singers sometimes ignore nearby pods (and vice versa), or why males sing in the presence of other whales, and it is directly contradictory to observations that most whales approaching singers are males [43] . More importantly, the sexual-advertisement hypothesis does not explain how singers are able to locate distant pods [4] , [44] , or why singers are the only lone humpback whales that have been reported to "spontaneously" change their behavior and rapidly approach distant pods. The sexual-advertisement hypothesis also makes no predictions about how singers should react to changes in environmental noise conditions. In contrast, the sonar model predicts that singers should react to increased noise by modulating features of their song (e.g., rate of sound production, duration and amplitude of individual sounds, number of phrase repetitions), as has been observed in bats [22] , [39] , [45] and toothed whales [20] , [46] . This prediction has recently been confirmed [47] , [48] .
The reader should recall that sonar was not discovered in either bats or dolphins based on their social behavior or on the predictions of evolutionary theory. Rather, it was observations of individuals approaching or avoiding objects in the absence of visual information that led to consideration of this possibility. The sonar model of humpback whale song accounts for similar behavior observed in humpback whales. If, as we suggest, humpback whales have evolved a biosonar allowing them to detect large targets at kilometer ranges in complex shallowwater environments, then, to be effective, their sonar must be more flexible than the sonar of any currently known echolocating species. The stereotyped sound sequences normally used by mammals as advertisement displays would be almost useless as sonar signals for this purpose. To optimally detect and recognize such distorted echoes, singing humpback whales would need to be able to modulate their signals to reduce interference from other singers (e.g., singers could vary the timing and duration of themes so that similar themes are less likely to be produced simultaneously), and be able to dynamically adapt their auditory sensitivities to account for the properties of the environment within which they are searching. This is what we believe singing humpback whales are doing.
We noted in our original paper that the sonar model does not exclude communication between whales as a secondary function for humpback whale songs. Songs may well have a variety of functions, including sexual advertisement. Sounds that are useful for echolocation can also be useful for communication and vice versa [2] , [36] , [40] , [49] , [50] . The behaviors of singing humpback whales are best explained, however, if sonar is the primary function of song.
III. PHYSICAL PRINCIPLES OF LONG-RANGE SONAR
Many of the criticisms presented by Au et al. [1] focus on the acoustic feasibility of the sonar model. Specifically, they attempt to use the sonar equation to show that it is impossible to detect humpback whales in the waters along the west coast of the island of Maui using an active sonar with a source level of 174 dB re 1 Pa. This approach allows them to disregard the spectrotemporal features of humpback whale song because the sonar equation does not take temporal variables into account. From the perspective of the sonar equation, a single 10-ms noise burst is equivalent to a 10-min patterned sequence of 50 frequency sweeps alternating with 100 harmonic tonal sounds, interleaved with 150 intervals of silence. Our model rejects Au et al.'s assumption that such disparate acoustic events are equally likely to generate detectable echoes. For an adaptive sonar, the spectrotemporal features of the sounds used to generate echoes are critical, as are the spectrotemporal properties of sounds within the environment where the sonar is being used. Thus, whether silent humpback whales can be detected with an adaptive sonar (either man-made or biological) depends not only on how loud the sounds used for searching are relative to noise levels, but also on the spectrotemporal features of those sounds relative to those of background noise. Similarly, whether humpback whales can detect other whales by singing depends strongly on the acoustic characteristics of their songs.
A. Characteristics of Humpback Whale Sound Sequences
What are humpback whale songs like? What should they be like if they are to serve effectively as an adaptive long-range sonar? Based on past work by others in sonar and radar design [51] - [54] , we have identified several features of sound sequences that could facilitate detection of echoes. For example, sequences that contain intervals of silence are preferable to those that do not, because production can interfere with reception. Loud sounds that contain frequencies well-suited both for propagation in the channel within which they are produced and for reflection from targets of interest will produce more easily detected echoes than sounds that do not have these properties. Sound sequences that are repetitive and predictably structured in time facilitate repeated measures of possible targets. Sounds that are spectrotemporally distinctive relative to background noises, and that cover a wide band of frequencies are more likely to generate detectable echoes than sounds without these features. Sound sequences that are dynamically adapted to account for environmental factors will generate more detectable echoes than sound sequences that are not.
We have compared this "wish list" of features to the properties of humpback whale song to assess its suitability as an adaptive long-range sonar. Au et al. note that this analysis is selective, and suggest that we have not considered other features of the song that are inconsistent with a sonar function. Unfortunately, Au et al. never specify which features of the humpback whale song are the ones they feel do not fit the sonar model. They note that the durations of sounds and intervening silent intervals are variable, and that not all singers breathe at the same point in their song, but these observations are not contrary to the sonar model. Au et al. also suggest that we erroneously described songs as monotonous, and inaccurately estimated the source levels of song sounds as well as the durations of singing bouts. Our descriptions of these features of humpback whale song are clarified below.
We agree with Au et al. that Frankel [4] has collected the most accurate source levels to date. Frankel reported a mean source spectrum level of 152 dB re 1 Pa Hz. This grand mean was calculated from a distribution of mean calculated source levels ranging from 135 to 170 dB re 1 Pa Hz (which correspond to mean source levels of 155 to 190 dB, assuming a 100-Hz bandwidth). These averages were not calculated using the loudest sounds produced by singing humpback whales, but rather using a pseudo-random sample of sounds recorded from singers in waters off the coast of the island of Hawaii. As Au et al. note, noise levels in these waters are much lower than in regions where large numbers of whales can be found. Previous work showing that vocalizing animals typically produce louder sounds in noisier environments [20] , [39] , [55] - [57] suggests that Frankel's measurements probably provide a reasonable estimate of mean source levels for sounds in quieter humpback whale songs. When assessing the feasibility of the sonar model, however, the range and distribution of source levels over time is more relevant than the mean. For example, in sequences of alternating loud and soft sounds, the amplitudes of the louder sounds will generally set an upper bound on the range of detectability.
We also agree with Au et al. that most song bouts are longer than 40 min. As noted in our earlier paper, song sessions often continue for hours, and sessions exceeding 20 h have been reported [36] . Singing bouts usually contain several song cycles (perhaps 4-40 or more), each of which is likely to contain sequences of phrases that are repeated (some phrases may occur 30 times or more in a single song. See Fig. 1) . Thus, the same phrase might be repeated 200 times or more in a single singing bout, and singers may produce several bouts each 24-h period, for several weeks. We find such highly repetitive sound sequences to be monotonous.
Humpback whale songs possess several features from the adaptive sonar wish list. For example, sounds within songs are of comparable duration to the silent intervals between sounds, both averaging about 1.8 s [12] . Thus, a 16-min song contains about 8 min of silence, during which singers can listen for echoes. Although the duration of sounds and silent intervals varies within songs, the timing of sound production is typically highly structured (see Fig. 1 and [36] , [58] - [60] ). A 1-3-s window of silence following a 1-3-s sound, gives a possible detection range of about 1.5 to 4.5 km (based on two-way travel time, assuming an underwater sound speed of 1500 m/s), consistent with our previous estimates of the range at which singing humpback whales can potentially detect other whales. Recent evidence indicates that humpback whales can flexibly adapt features of their songs (e.g., sound production rate, number of phrase repetitions, and composition) to account for changes in noise levels [47] , [48] and the appearance of novel song sequences [13] . That humpback whale songs possess features comparable to those that would be desirable in a long-range, adaptive sonar does not compel the inference that humpback song is used for this purpose. Such parallels are, however, consistent with the predictions of our sonar model.
Intriguing similarities between the sound sequences of humpback whales and those produced by echolocating bats are also suggestive of a sonar function. For example, singing humpback whales progressively modify the spectrotemporal features of the sounds they use within and across songs [10] - [12] , [36] , [61] . This is surprising if songs serve primarily as an advertisement display, because animals that use sounds to communicate over long distances typically use stereotyped sounds that are highly differentiable, even after significant distortion [62] . Echolocating bats use a graded repertoire of sonar signals, continuously modulating acoustic features of their sounds based on environmental conditions and their distance from a target [21] , [22] , [39] , [45] , [63] , [64] . Some bats produce sonar signals in patterned sequences, alternating between shorter-duration, broadband, low-amplitude (L) calls, and longer-duration, higher-amplitude The ordinate corresponds to sequentially repeated patterns (phrases) within each theme. The bottom band (medium gray) shows the durations of the "first" sound in each phrase, the next band up (light gray) corresponds to the subsequent interval of silence, the next band (dark gray) corresponds to the "second" sound in each phrase, and so on. The relative darkness of each band symbolically represents the relative amount of acoustic energy present during each temporal interval (darker bands are more energetic; the average energy in the louder sounds was over three times greater than in the quieter sounds). Adapted from Mercado (1998).
(H), harmonic calls [22] , [45] , [63] , [65] - [67] . Calls may alternate in a L-H-L or L-H-H-L sequence (compare with Fig. 1  and [36] ). Bats produce these sequences rhythmically, with inter-call intervals often showing a bimodal distribution. Bats use patterned sequences not when attempting to capture prey, but rather during the search phase or when they are cruising; the longest duration sonar signals used by such bats are typically produced within these sequences. Finally, like bat-sonar signals, humpback whale songs mainly consist of short-duration broadband, frequency-modulated sweeps, and longer-duration, tonal, harmonic sounds. Such sounds facilitate cross-frequency integration of echoes [68] as well as auditory-scene analysis [69] - [71] , and are known to be useful as sonar signals.
Humpback whale songs are sophisticated sound sequences. It is unreasonable to expect that the functionality of all song features should be self-evident from casual inspection. The advertisement hypothesis sidesteps this issue by assuming that the acoustic features of the song primarily reflect the idiosyncratic predilections of female whales. In contrast, the sonar model assumes that the acoustic features of songs have been shaped by evolution to enhance the detectability and utility of the echoes they produce. Our model does not yet account for every feature of humpback whale songs, but it does provide a useful framework for analyzing song features, and for assessing whether long-range echolocation by humpback whales is acoustically feasible.
B. Characteristics of Humpback Whale Environments
Au et al.'s estimates of transmission loss and the noise levels singing humpback whales must overcome to detect echoes are higher than estimates used by Frazer and Mercado [2] . Noise (2000) indicate that this shallow channel propagates energies above 500 Hz very efficiently. Because humpback whale singers and their sonar targets typically are at depths less than 50 m, the higher-frequency components of humpback whale song may be significantly more important than is generally assumed. levels measured in Maui waters by Au and colleagues [5] , [72] provide important information relevant to understanding humpback whale bioacoustics. These data highlight the fact that a major source of environmental noise encountered by singing humpback whales is songs produced by other whales. It is not the case, however, that chorusing sounds are "always present" in Hawaiian waters, as Au et al. suggest. Individual singers can often be recorded in areas where no other songs are audible [2, Figs. 2, 3 ]. Our estimates of noise levels were based on measurements made in the winter in areas where lone singing whales had been recorded.
When humpback whales do "chorus", they effectively create their own acoustic noisescape. Estimates of detection ranges calculated with the sonar equation do not differentiate noises produced by other whales from those produced by other sources. From the perspective of the sonar equation, the following three scenarios are equivalent: 1) noise is produced by singers synchronously singing identical songs; 2) noise is produced by singers asynchronously singing different songs; and 3) noise is produced by a large omnidirectional speaker continuously broadcasting white noise. Our model rejects Au et al.'s assumption that these three noise conditions are equally likely to interfere with the detection of echoes. For an adaptive sonar, the spectrotemporal and spatial features of noise sources within an environment are paramount.
Because singers produce sound patterns with predictable spectrotemporal features, in predictable sequences, the noise generated by their songs is also predictable. Noise sources that modulate predictably in frequency and time will interfere much less with adaptive echo detection than nonlocalizable, continuous, broadband noise sources [15] , [39] , [62] . For example, bats (Noctilio albiventris) are sometimes unable to detect certain targets when white noise is continuously broadcast, but can do so quite easily when the white noise is pulsed [65] . Animals can rapidly learn to recognize predictable environmental sounds, and to discriminate those sounds from behaviorally relevant sounds [32] , [73] , [74] . Spectral and temporal correlations within and between noise sources can further enhance signal detectability [71] , [75] , [76] .
Individual singers are localizable by other whales [37] , [43] , [77] , and produce songs asynchronously [10] , [78] . Thus, potentially interfering songs constitute acoustically and spatially separable noise sources. Such noise sources are known to interfere less with signal detection than nonlocalizable, continuous, broadband noise sources [74] , [75] , [79] .
It is difficult to assess how different noise conditions might affect humpback whales' signal detection capabilities given that so little is known about hearing in baleen whales. Griffin [39] reported that broadcasting loud playbacks of other echolocating bats or white noise often had no effect on blinded bats' abilities to navigate through wires (see also [80] , [81] ), leading him to state that "In contemplating these results it has sometimes seemed as though there must be some basic mistake, and perhaps the bats were not using echolocation after all! (p. 372)". Interestingly, bats (Eptesicus fuscus) foraging in environments where many other bats are echolocating stop varying their interpulse interval as a function of target distance, and start producing signals at a fixed rate [82] . Belugas often adopt a similar strategy when echolocating over long distances [46] , [83] , suggesting that fixed-rate echolocation sequences are advantageous when signal to noise ratios are low.
Recent reports indicate that humpback whales sing more at night than during the day [5] , suggesting that night conditions are conducive to singing. Au et al. [5] speculated that this is because fewer visual cues are available during the night, constraining physical competition between males. In contrast, the Fig. 3 . In song-matching playback experiments, an investigator waits for a bird to produce a song and then broadcasts a similar song. For example: (a) Waveforms of two songs produced by a zebra finch (Taeniopygia guttata), each lasting 1.5 s. (b) How similar songs might be broadcast to simulate a challenging bird. In our proposed experiment, sounds produced by a singing whale are transformed and broadcast to simulate echoes that would be generated by a target whale. (c) A sequence of two phrases produced by a Hawaiian whale in 1995 (see also Fig. 1(b) ). Simulated echoes from such a sequence would be phase-locked to the sounds produced by the singing whale, and of much lower amplitude. (d) How simulated echoes would be timed to simulate a target whale located 1 km from a singer, using a speaker that is 1 km from the singer. sonar model predicts that singing will be more effective at night because the lower temperature of the ocean surface at night (with its consequent decrease in sound speed) reduces propagation loss [52] . This may also explain why similar diurnal variation in sound production is seen in dolphins [84] , [85] . In addition, a reduction in the number of nonpredictable, continuous noise sources (e.g., ships [5] , [72] ) should make echoes more detectable at night.
Au et al. argue that Frankel and Clark's [86] estimates of propagation loss are more accurate and reliable than those we derived using wave equation-based simulations [2] because their estimates are based on real data. Their objection would be relevant if the band used by humpback singers was limited to the 60-90-Hz band of Frankel and Clark's measurements. In fact, humpback song contains energy up to 4 kHz, and in the waters frequented by humpback singers, frequencies above 500 Hz propagate much more efficiently than frequencies below 500 Hz [87] , [88] . The reason for higher propagation loss at frequencies below 500 Hz is that those low frequencies easily tunnel out of the surface waveguide (see Fig. 2 ). For the highly reflective seabeds typical of Hawaii nearshore waters (corraline sands and rubble) convergence zones are very close together even at frequencies as low as 300 Hz, and it is the sound levels in these convergence zones that limit echo detection. Measurements of propagation loss for the full band of frequencies present in song, produced and received at depths where whales might produce and receive them, would provide useful information for assessing the feasibility of the sonar model. Until such data are collected, however, simulations based on parabolic equation and normal mode models still provide the best way of determining how humpback whale songs propagate.
Another concern raised by Au et al. [1] is whether singers would be able to discriminate echoes from sounds produced by distant singers, assuming such sounds were detectable. It is not clear to us why this should be difficult. Assuming the implausible scenario occurs in which echoes generated by whales a kilometer or more distant are acoustically indistinguishable from song sounds that have traveled hundreds of kilometers (the only direct signals that would be of comparable amplitude to echoes), singers should still easily be able to determine what is an echo because singers produce the sounds that generate echoes. If a singer were confused, he could simply stop singing, or switch to a different theme, or change his rate of singing, to see if perceived echoes change accordingly. Almost anything the singer does can differentiate echoes from nonechoes because echoes will be highly contingent on the singer's sound production whereas other whales' songs will not. To accept Au et al. ' s argument that discrimination of echoes from direct signals is not possible, one must accept that a humpback whale cannot discriminate its own actions (or the results of those actions) from the actions of other whales.
We do not question the qualitative results of Au et al.'s analyses using the sonar equation. Echoes from humpback whales will clearly be more difficult to detect in areas where there are large numbers of singers (e.g., the waters off West Maui), or where transmission loss is high. Not all sounds produced by singers in these situations will generate detectable echoes, and the potential range of detection should be reduced relative to other areas. We do not agree with their conclusion, however, that their calculations provide compelling evidence against the sonar model for humpback whale song. The sonar equation is simply not adequate for estimating the performance capabilities of an adaptive sonar operating in shallow water, under predictable noise conditions. Consequently, strong claims about whether humpback whale songs can or cannot be used to generate detectable echoes from other whales cannot be safely made based on calculations with the sonar equation (see also [89] - [91] ). This is true independently of whether those calculations are based on the full range of conditions experienced by singing humpback whales (neither Au et al.'s or ours [2] are), or whether the values used in the calculations are accurate (current estimates of directivity index, detection threshold, and source levels probably are not). Experimental studies are necessary to test whether humpback whales use their songs as sonar and/or as a sexual advertisement display.
IV. EXPERIMENTAL TESTS OF THE SONAR MODEL
Observational field studies are useful for describing social behavior in humpback whales, but less so for understanding humpback whale perception. The function(s) of humpback whale songs cannot be demonstrated conclusively without conducting experiments. How does a lone singer behave while singing? Does he actively listen for echoes during intervals of silence between sounds within his song? Or does he simply wait for other whales either to approach or make noises? Observational studies are ill-suited to answer these questions because the outward appearance of a singer will be the same in both cases. Observations of singers detecting (presumably acoustically) and approaching distant whales are intriguing, but do not reveal how detection occurs.
In our original paper [2] , we described a playback experiment to test the hypothesis that singing humpback whales actively listen for echoes generated by their songs. Au et al. misinterpreted our proposed experiment as being similar to songmatching playback experiments conducted with birds. Here, we clarify the differences between these two experimental designs and explain why any playback-provoked behavioral approaches observed during our proposed experiment would provide strong support for the sonar hypothesis.
In the interactive song-type matching playback experiments discussed by Au et al., recordings of complete songs are played back in the presence of a singing bird. Choice of the song type that is played back is made based on the songs produced by the subject [ Fig. 3(a) and (b) ], simulating song matching by a second challenging bird. In our proposed experiment, individual sounds produced by a singing humpback whale are convolved with the Green's function for the singer's environment, as well as a transfer function representing scattering by a whale-sized target. As the singer produces each sound, sounds generated in real-time to simulate the echoes that would reflect from a target whale would be broadcast [ Fig. 3(c) and (d) ]. If singers approach the speaker in response to such broadcasts, this would demonstrate that humpback whales can do what Au et al. consider to be impossible, namely detect and localize low amplitude, distorted replicas of humpback whale song sounds. If a singer perceived these sounds as an aggressive display by another male (experimental evidence suggests that singers typically do not perceive song in this way [77] , [92] ), then it should swim about 100 km beyond the position of the speaker to account for the distance the sounds must have traveled to be attenuated sufficiently to resemble sounds produced by another singer (see, e.g., [93] ).
Our proposed experiment admittedly would be technically challenging to conduct, and other preliminary experiments are certainly warranted. For example, information about the scattering properties of humpback whales should be obtained. Recent experiments indicate that humpback whales are more acoustically reflective than other similarly-sized mysticetes [94] , but measurements of target strengths for frequencies within the bandwidth of humpback whale songs have yet to be made. Such measurements could be collected during studies examining how man-made low-frequency active sonar affects humpback whale behavior (e.g., see [48] ). Additionally, more detailed analyses of the acoustic signals present in a singer's environment when he stops singing and rushes off to join with other whales would certainly be informative. Experimental studies of the auditory capabilities of humpback whales (e.g., using evoked-potential technologies [95] ) can also potentially provide important data critical to assessing the plausibility of the sonar model.
A major advantage of the sonar model over the sexual-advertisement hypothesis is that the sonar model makes a number of testable predictions. Specifically the model predicts that: 1) prior to the approach of distant pods by a singer, detectable echoes from that pod will be present in the singer's environment; 2) songs produced in areas where there are high densities of singers will differ systematically from songs produced in areas where few singers are present; 3) whales that do not wish to be approached by a singer (e.g., females with calves, and males with females) will be more likely to avoid singers or playbacks of song than other whales (recall that the sexual-advertisement hypothesis assumes that singers are unaware of silent whales, and therefore predicts that silent whales need not avoid areas where singers are present other than to stay out of visual detection range); 4) innervation in the peripheral auditory systems of humpback whales should be proportionately increased relative to innervation in other large mammals (this prediction was recently confirmed by Ketten [96] , [97] ); 5) humpback whale target strengths will be large within the bandwidth of humpback whale song; 6) Singing whales will be more likely to approach distant nonsinging pods than will nonsinging whales; and 7) signals with acoustic features comparable to those of humpback whale song will generate detectable echoes from whale-size targets in shallow water environments. No other hypothesis for the function of humpback whale song makes these predictions, and the sexual-advertisement hypothesis in particular has little to say about how song features should vary in relation to the environment, or how a singer's perception of his environment should be changed by the presence of songs.
V. CONCLUSION
Au et al.'s conclusion that humpback whales do not make use of echoes generated by their songs because it is impossible, is one that is shared by many cetologists. The current consensus is that humpback whale songs are advertisement displays used to convey information about sexual fitness [3] , [6] , [7] . The portrayal of humpback whale sound sequences as "songs" has captured the imagination of scientists and the general public for over thirty years, and has directly and indirectly motivated a large number of important scientific studies of cetaceans. These studies have repeatedly failed, however, to reveal how humpback whale songs function. We think that this is because many researchers have been seeking to confirm an inaccurate hypothesis.
Humpback whale song clearly facilitates interactions between whales, and silent humpback whales (males or females) listening to singers clearly acquire information about singers. The fact that songs provide information to other whales does not, however, imply that this is the primary purpose of song, or that songs cannot also provide information to the whales that are producing them. It was recently discovered that humpback whales in the north Pacific can be heard singing most of the year (from November-July), in many different ocean regions, including nontropical waters [98] (see also [99] ). Why do humpback whales sing for nine months (before, during, and after migration) when the breeding season appears to last only four months [6] , [100] ? Do humpback whales stop singing for three months because mating opportunities are greatly reduced during those months, or because there is less motivation for them to search for and join with other whales?
Any echolocating species is unlikely to hear the same echo sequence twice, making the ability to flexibly and adaptively process echoes critical. The dynamic features and apparent complexity of humpback whale songs may thus be a necessary prerequisite for humpback songs to function effectively as sonar. Echolocating bats are known to increase their range of frequencies, durations, and interpulse intervals when echolocating in areas where there are increased numbers of bats [22] , [45] , and to produce patterned sequences of alternating sounds when searching or cruising. Because humpback whales progressively modify their songs based on what they hear other humpback whales singing [10] , [13] , [61] , they must be continuously monitoring and learning about the acoustic features of their environment. That they can do so even though they may be exposed to highly interleaved versions of songs produced by numerous singers, suggests that they are able to extract and reproduce individual sequences heard within these choruses. Learning to listen for echoes does not require any additional cognitive or perceptual skills (other than lowered thresholds of detection) that mimicry of other singers does not already entail.
The possibility that humpback whales regularly make use of an environmentally-adaptive long-range sonar to detect whalesized targets in shallow water environments is one that deserves further consideration from ocean engineers as well as cetologists. Investigation of this hypothesis is bound to enhance our understanding of how both whales and humans can make use of sound in the ocean.
